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The Lymphotoxin b Receptor
Controls Organogenesis and Affinity Maturation
in Peripheral Lymphoid Tissues
with defective genes for CD40 or CD40 ligand are defi-
cient in Ig class switch and germinal center (GC) forma-
tion (Foy et al., 1996; Grewal and Flavell, 1996). OX-
40 disruption also leads to impaired humoral responses
(Stuber and Strober, 1996).
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A complex picture emerges when the biological func-Trogerstrasse 9
tions of the prototype superfamily members such asD-81675 Munich
TNF, lymphotoxin a (LTa), LTb, TNFRp55 (CD120a),Germany
TNFRp75 (CD120b), or LTbR are investigated (Browning²Department of Mammalian Genetics
et al., 1993; Beutler and van Huffel, 1994; Crowe et al.,³Department of Pathology
1994; Smith et al., 1994; Force et al., 1995; MatsumotoGSF-National Research Institute for Environment
et al., 1997; Wallach et al., 1997). This is due to theand Health
binding patterns of the TNF/LT receptor system whereD-85758 Oberschleiûheim
heterogeneous trimeric ligands interface with their cellGermany
surface receptor chains (Browning et al., 1995, 1996;§Serono Pharmaceutical Research Institute
Ware et al., 1995). TNFRp55 and TNFRp75 both signal14 chemin des Aulx
after binding LTa or TNF in homotrimeric forms (LTa3 andCH-1228 Plan-les-Ouates
TNF3, respectively). In contrast, biochemical evidenceGeneva
suggests that the LTbR recognizes heterotrimers com-Switzerland
posed of LTa1b2 but not LTa3 or TNF3 (Ware et al., 1995).
LTa2b1 appears to interact with TNFRp55 or TNFRp75
(Ware et al., 1995). Despite some phenotypic overlaps
in mice targeted for TNFRp55, TNFRp75, LTb, LTa, orSummary
TNF, it appears that the ligand±receptor interactions are
not redundant, as unique roles have also been definedLymphotoxin b receptor (LTbR)2/2 mice were created
(Pfeffer et al., 1993; Rothe et al., 1993; De Togni et al.,bygene targeting. LTbR2/2 mice lacked Peyer's patches,
1994; Erickson et al., 1994; Banks et al., 1995; Neumanncolon-associated lymphoid tissues, and all lymphnodes.
et al., 1996b; Pasparakis et al., 1996; Alimzhanov et al.,Mucosa patrolling aEb7high integrin1 T cells were virtu-
1997; Koni et al., 1997; Korner et al., 1997; Marino etally absent. Spleens lost marginal zones; T/B cell seg-
al., 1997). TNF2/2 mice contain lymph nodes (LN) butregation and follicular dendritic cell networks were
fail to form correct GC (Pasparakis et al., 1996; Kornerabsent. Peanut agglutinin1 cells were aberrantly de-
et al., 1997). TNFRp552/2 mice share this phenotype,tectable around central arterioles. In contrast to TNF
but in addition Peyer's patches (PP) are absent in mostreceptor p552/2 mice, antibody affinity maturation was
TNFRp552/2 mice (Neumann et al., 1996a; Koni et al.,impaired. Since LTbR2/2 mice exhibit distinct defects
1997). No developmental phenotype hasbeen describedwhen compared to LTa2/2 and LTb2/2 mice, it is sug-
for TNFRp752/2 mice to date (Erickson et al., 1994). LTagested that the LTbR integrates signals from other
and LTb knockout mice lack PP and most LNs (De TogniTNF family members. Thus, the LTbR proves pivotal
et al., 1994; Banks et al., 1995; Alimzhanov et al., 1997;for the ontogeny of the secondary lymphoid tissues.
Koni et al., 1997). LTb-deficient mice retain the capacityFurthermore, affinity maturation is dependent on LTa1b2
to form mesenteric (mLN) and cervical LN (cLN), a phe-rather than on LTa3.
notype shared by LTa2/2 mice, albeit to a lesser extent.
Comparable phenotypes were revealed when splenic
Introduction microenvironments including GC formation were ana-
lyzed. Here again, mice with a Cre/loxP-mediated inacti-
During the evolution of vertebrates, highly organized vation of the LTb gene (LTbD/D mice) appeared less se-
tissues emerged, providing intricate microenvironments verely affected than LTa2/2 animals (Alimzhanov et al.,
for differentiation of antigen-presenting and antigen- 1997; Matsumoto et al., 1997). LTbR-Fc fusion protein
responsive cells (thymus and bone marrow) and for gen- treatment of female mice during pregnancy results in
eration of adaptive immune responses (organs and tis- progeny in an absence of PP and LNs with exception
sues of the peripheral immune system). Recent insights of the mLNs, cLNs, and mucosal LN (Rennert et al.,
1996, 1997). Injection of LTbR-Fc protein after birth andindicate that members of the TNF receptor superfamily
studies with LTbR-Fc transgenic mice, which expressare intrinsically involved in lymphoid organogenesis
the transgene only postnatally, revealed that formationand in the generation of adaptive humoral immune re-
of LN and PP cannot be disrupted at this stage (Ettingersponses (De Togni et al., 1994; Liu and Banchereau,
et al., 1996; Rennert et al., 1996). However, the splenic1996; von Boehmer, 1997). CD40 signaling appears im-
architecture, such as marginal zone (MZ) structure andportant in T/B cell collaboration, as humans and mice
T/B cell segregation, was affected. This implies that
LTbR signaling is continuously required for the integrity
of spleen architecture. The phenotypic differences in‖ To whom correspondence should be addressed (e-mail: klaus.
pfeffer@lrz.tu-muenchen.de). LTa2/2, LTb2/2, and LTbR-Fc-treated mice led to the
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Figure 1. Generation of LTbR2/2 Mice
(A) Targeting strategy used for inactivation of
the murine LTbR gene. A 5 AatII, X 5 XhoI,
E 5 EcoRI.
(B) Southern blot analysis of genomic DNA
from targeted ES cell clones and from mouse
tail biopsies. EcoRI digest of genomic DNA
from E14.1 wild-type and targeted ES cells
and mouse tails. Hybridization with the flank-
ing probe yields a 17 kb fragment for the wild-
type allele and a 4 kb fragment for the tar-
geted allele. Sizes are indicated at the left
in kb.
(C) Northern blot analysis verifying the lack
of LTbR RNA in mice homozygous for the
targeted LTbR allele. Total RNA from LTbR1/1,
LTbR1/2, and LTbR2/2 livers was hybridized
with a full-length LTbR cDNA and a GAPDH
cDNA (loading control). Sizes are indicated
at the left in kb.
(D) Lack of LTbR expression on LTbR2/2 cells.
EF cells were incubated in the presence of a
preimmune rabbit serum (rabbit #19, green),
a polyclonal anti-murine LTbR rabbit serum
from the same rabbit after immunization with
the LTbR-EX-HIS protein (red), and the poly-
clonal anti-murine LTbR immune-serum (rab-
bit #19) preceded by incubation with LTbR-
Fc fusion protein (blue). Binding of the rabbit
antibodies was detected with a phycoer-
ythrin-labeled donkey anti-rabbit antiserum.
One representative experiment out of three
is shown.
speculation that other receptors might be involved in the TNFRp552/2 mice completely lack GC and FDC net-
works in the spleen; however, in LNs PNA1 B cell clus-organogenesis of certain peripheral lymphoid tissues
(Koni et al., 1997). ters can still be detected (Le Hir et al., 1996; Matsumoto
et al., 1996b; Fu et al., 1997). Affinity maturation (Rajew-During GC responses, antigen-specific, peanut agglu-
tinin binding (PNA1) B cell clones rapidly accumulate, sky, 1996; Tarlinton, 1997) is severely impaired in LTa2/2
mice. This defect can be mitigated by repeated antigenexpand, undergo somatic mutation of variable Ig loci
and, ultimately, codifferentiate inside follicular dendritic administration in high dosages (Matsumoto et al., 1996a).
It is unknown whether affinity maturation requirescell (FDC) networks (Storb, 1996; Kosco-Vilbois et al.,
1997). It is believed that FDCs provide native antigen to LTa1b2 (via LTbR) or LTa3 or LTa2b1 (via TNFRp55 or
TNFRp75) and why the lack of LTa or LTb leads only toB cells for selection of high-affinity antibodies. LTa2/2
mice appear unable to generate GCs, whereas LTbD/D a partial disturbance of the morphogenesisof secondary
lymphoid tissues. To dissect the role of the LTbR duringmice retain at least the capacity to accumulate clustered
PNA1 B cells inside the correct anatomicalcompartment these processes, LTbR2/2 mice were created by gene
targeting, and defects were analyzed and compared toof the spleen and mLNs (Matsumoto et al., 1996a; Alim-
zhanov et al., 1997). Inactivation of LTa and LTb both TNFRp552/2 (Pfeffer et al., 1993) animals.The phenotype
observed clearly indicates that the LTbR is essential forlead toan absence of FDC networks in lymphoid tissues.
Phenotype of LTbR-Deficient Mice
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Figure 2. LTbR2/2 Mice Lack Peripheral LNs
India ink was injected into the hind footpads
of mice, and the popliteal fossae were dis-
sected. The draining popliteal LN was visual-
ized by its content of india ink particles
(black). The popliteal fossae of LTbR2/2 mice
did not contain detectable lymphoid tissue,
and no retention of india ink could be ob-
served. After dissection of the abdominal
wall, the region of the mesenteric origin was
prepared. No mLN could be detected in
LTbR2/2 mice. Histological examination of LN
regions in LTbR2/2 mice revealed only cav-
ernous spaces with endothelial linings; no
LN-like structures could be detected. For ex-
planation see insets.
the morphogenesis of the peripheral lymphoid tissues expression could be detected on LTbR2/2 EF cells (Fig-
ure 1D). These data indicate that the LTbR was success-and plays an important role in affinity maturation.
fully inactivated in LTbR2/2 mice.
Results
Absence of Peripheral LN, PP, and Gut-Associated
Lymphatic Tissue in LTbR2/2 MiceInactivation of the Murine LTbR Gene
To inactivate the LTbR, an approximately 2 kilobase LTa2/2 mice show an absence of peripheral lymphoid
organs such as LN and PP. However, it has been noted(kb) genomic portion of the LTbR locus (containing bp
108±718 of the mRNA, (Force et al., 1995; A. F. and K. P., that a certain number of LTa2/2 mice contain lymph
node±like mesenteric structures (1%±3% according tounpublished data) was replaced by a neomycin (neo)
marker cassette in the antisense direction in murine Fu et al., 1997, and up to 20% according to Banks et
al., 1995). LTbD/D mice (Alimzhanov et al., 1997) andES cells (Figures 1A and 1B). Hybridization with a neo-
specific probe yielded only one band consistent with a LTb2/2 mice (Koni et al., 1997) lack PP and most LNs
but contain organized mLNs and even some cLNs. Insingle integration of the targeting vector (data not
shown). After germline transmission, LTbR1/2 mice were view of these profound yet incomplete developmental
defects in LTa- or LTb-deficient mice, the developmentcrossed. LTbR2/2 mice (Figure 1B) were born at the
expected Mendelian frequency, appeared healthy, and of the lymphatic system in LTbR2/2 mice was carefully
analyzed. During visual and microscopic inspection,proved fertile. LTbR mRNA could readily be found in
LTbR1/1 animals, whereas LTbR mRNA could not be PP, mesenterical, cervical, axillary, inguinal, paraaortic/
sacral, or popliteal LN could not be detected (Figure 2;detected in LTbR2/2 animals (Figure 1C).
To confirm the absence of LTbR protein in LTbR2/2 data not shown). Histological studies revealed that, at
the putative locations of LNs, cavernous spaces withmice, a polyclonal rabbit antiserum was raised against
the extracellular domain of the murine LTbR. After verifi- endothelial linings could be found, indicating that LN
development is completely arrested (Figure 2). More-cation of the specificity of the rabbit anti-mouse LTbR
antiserum, embryonic fibroblast (EF) cellswere analyzed over, the lymphatic patch associated with the murine
cecum and the colon-associated lymphatic tissue couldfor LTbR expression. While LTbR1/1 EF cells were
readily labeled with the anti-LTbR antiserum, no LTbR not be detected in LTbR2/2 animals (data not shown).
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Table 1. Elevated Cell Numbers in Peripheral Blood and in the Peritoneal Cavity in LTbR2/2 Mice
Wild-Type LTbR2/2 TNFRp552/2
(Number of Mice) (Number of Mice) (Number of Mice)
Peripheral blood Total cell count 6 SM 3.48 6 1.38 16.51 6 6.60 5.56 6 3.27
(3 103/ml) (n 5 8) (n 5 8; p 5 0.001 vs. wt) (n 5 8; n.s. vs. wt)
B cells (B2201) 6 SM 1.13 6 0.52 10.05 6 6.36 3.03 6 1.82
(3 103/ml) (n 5 6) (n 5 6; p 5 0.004 vs. wt) (n 5 6; n.s. vs. wt)
CD41 T cells 6 SM 1.0 6 0.75 4.18 6 2.14 0.78 6 0.56
(3 103/ml) (n 5 6) (n 5 6; p 5 0.004 vs. wt) (n 5 6; n.s. vs. wt)
CD81 T cells 6 SM 0.28 6 0.27 1.14 6 0.69 0.27 6 0.23
(3 103/ml) (n 5 6) (n 5 6; p 5 0.066 vs. wt) (n 5 6; n.s. vs. wt)
Peritoneal cavity Total cell count 6 SM 2.31 6 0.88 6.83 6 4.05 2.34 6 0.93
(3 106) (n 5 7) (n 5 7; p 5 0.009 vs. wt) (n 5 5; n.s. vs. wt)
B cells (B2201) 6 SM 0.32 6 0.08 1.82 6 1.26 0.47 6 0.25
(3 106) (n 5 5) (n 5 5; p 5 0.009 vs. wt) (n 5 3; n.s. vs. wt)
T cells (Thy1.21) 6 SM 0.15 6 0.06 0.27 6 0.19 0.63 6 0.68
(3 106) (n 5 4) (n 5 4; n.s. vs. wt) (n 5 3; n.s. vs. wt)
Macrophages
(CD11b1,Gr12) 6 SM 0.68 6 0.49 1.70 6 1.54 0.60 6 0.12
(3 106) (n 5 4) (n 5 4; n.s. vs. wt) (n 5 4; n.s. vs. wt)
wt 5 wild-type, n.s. 5 not significant; statistical significance was analyzed using the U-test according to Mann-Whitney (p , 0.05 5 significant).
However, all LTbR2/2 mice contained a spleen and a in LTbR2/2 spleens (data not shown). This demonstrates
that the MZ defect in TNFRp552/2 mice is less severethymus. Thus, it can be concluded that during ontogeny
the LTbR completely controls the organogenesis of the than in LTbR2/2 mice. In summary, these data indicate
that a functional LTbR is required for the coordinatedperipheral LN system and appears to be essential for the
correct development of the gut-associated lymphatic formation of the splenic microenvironments. Since in
LTb2/2 and LTbD/D mice (i.e., that lack LTa1b2 and LTa2b1)tissues.
MZs are absent, but splenic T and B cell compartmental-
ization is largely intact (Alimzhanov et al., 1997; Koni etLeukocyte Populations in LTbR2/2
al., 1997), it might be speculated that either LTa3 or moreand TNFRp552/2 Mice
likely another TNF family member can interact with theLeukocyte populations in bone marrow, thymus, blood,
LTbR.peritoneal cavity, and spleen were analyzed. Spleens of
LTbR2/2 were approximately 1.5 to 23 bigger than wild-
type or TNFRp552/2 spleens (data not shown). The num- Lack of aEb7high Integrin1 T Cells in LTbR2/2 Mice
ber of lymphocytes found in the peritoneal cavity and Lymphocytes entering the gut-associated lymphoid tis-
in the peripheral blood were increased approximately sues express aE and b7 integrins (Roberts and Kilshaw,
3-fold and 5-fold in LTbR2/2 mice, respectively, as com- 1993; Cepek et al., 1994). b7 integrin2/2 mice are almost
pared to wild-type or TNFRp552/2 mice (Table 1). The devoid of intraepithelial lymphocytes (IEL) and lamina
increase of total cell numbers in the peripheral blood propria lymphocytes (LPL) but contain LN and PP
is reflected by an increase of T and B cells. Despite (Wagner et al., 1996). Since LTbR2/2 mice lack gut-asso-
enlargement of spleens in LTbR2/2 mice, overall compo- ciated lymphoid tissues, the expression of a set of inte-
sition of CD41 and CD81 T cell subsets and B cells was grins was assessed. For this, peripheral blood lymphy-
not markedly different in LTbR2/2 mice, as compared cytes were labeled with antibodies directed to Thy1.2,
to control and/or TNFRp552/2 animals (data not shown). aE, and b7. Surprisingly, a discrete T cell population ex-
Although the ligands of the LTbR (Ruddle, 1992; Brown- pressing aE and b7high was virtually absent in LTbR2/2
ing et al., 1993; Pokholok et al., 1995; Alimzhanov et mice (Figure 3B). In contrast to LTbR2/2 mice, T cells
al., 1997) are expressed in the thymus, no defects in expressing aE or b7 integrin were readily detected in
thymocyte maturation were detectable in LTbR2/2 mice TNFRp552/2 animals (data not shown). The lack of aE-
by flow cytometry using various markers (data not shown). and b7high-expressing T cells in LTbR2/2 mice was spe-
cific, since expression patterns of b2 and a4 integrins
were not altered in LTbR2/2 mice (data not shown). TAltered Architecture of Splenic Microenvironments
in LTbR2/2 Mice and B cells expressing intermediate amounts of b7 were
found in the peripheral blood of LTbR2/2, TNFRp552/2,Spleen sections of LTbR2/2 mice revealed marked alter-
ations of the splenic microarchitecture (Figure 3A). B and wild-type animals (Figure 3B; data not shown). Flow
cytometry of lymphocytes isolated from lungs andcells were not organized in follicles but intermixed with
T cells around the central arteriole. MOMA-11 metal- spleens of LTbR2/2 mice also indicated that in these
organs specifically aEb7high integrin1 T cells were virtuallylophilic macrophages, sialoadhesin1 MZ macrophages,
and MAdCAM-11 sinus lining cells were completely un- absent. In contrast to b7 integrin2/2 mice (Wagner et al.,
1996), the amount of IEL and LPL appeared to be unal-detectable (Figure 3A; data not shown). In contrast to
LTbR1/1 and TNFRp552/2 mice, the distinct MZ B cell tered as verified by histochemistry. However, in LTbR2/2
intestines LPL were found only scattered throughout thepopulation (B2201, IgMhigh, IgDdull) was virtually absent
Phenotype of LTbR-Deficient Mice
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Figure 3. Disrupted Splenic Architecture in LTbR2/2 Animals and Absence of Circulating aEb7high Integrin-Expressing T Cells in the Peripheral
Blood of LTbR2/2 Mice and Lymphocytic Organ Infiltration
(A) Aberrant organization of lymphocytes and lack of marginal zones in LTbR2/2 spleens. Cryosections were labeled as indicated. Original
magnification was 503.
(B) Peripheral blood cells from LTbR1/1 and LTbR2/2 mice were labeled with anti-Thy1.2-Biotin/Streptavidin-PerCP, anti-aE integrin-FITC, anti-
b7 integrin-PE, or isotype control antibodies. Cells were analyzed by flow cytometry (top). Thy1.21 T cells were gated, and aEb7 integrin
expression on T cells was analyzed (middle). Overlay single parameter histograms (bottom): isotype control (green) is only shown for LTbR1/1
T cells since isotype labeling of LTbR2/2 T cells appeared virtually identical. Expression of integrin chains is depicted in red (LTbR1/1 T cells)
and in blue (LTbR2/2 T cells). Representative results from one experiment out of five are shown.
(C) Lymphocytic infiltration of lungs in LTbR2/2 mice. Accumulation of CD41 and B2201 lymphocytes around the perivascular regions of the
lungs. Lungs were removed from adult animals and cryosections prepared. Genotypes of mice and labels are indicated. Original magnification
was 503. Representative sections are shown.
tissue but not in organized colonic lymphocyte follicles to alum. Consistent with previous data, TNFRp552/2
mice did not form GCs in the spleen (Figure 4A) (Le Hir(data not shown).
et al., 1996; Matsumoto et al., 1996b). In contrast, wild-
type mice readily developed characteristic PNA1 GCsLymphocyte Infiltrations of Organs
with dark and light zones after immunization. Surpris-in LTbR2/2 Mice
ingly, as compared to wild-type mice (Figure 4), theHistology of parenchymal organs was performed. Strik-
LTbR2/2 sections showed aberrant PNA1 cells aroundingly, in LTbR2/2 mice, massive infiltrations of lympho-
central arterioles. Some B cells within this area werecytes around perivascular areas in lungs (Figure 3C),
IgMlow (Figure 4) or IgG1positive (data not shown) The aver-liver, pancreas, submandibular glands, the fatty tissue of
age number of PNA1 cell clusters in LTbR2/2 spleenthe mediastinum, mesenterium, cortex of the suprarenal
sections was approximately 5±10 times less than thatglands, and kidney (data not shown) were observed.
in control mice. Thus, GC formation in LTbR2/2 mice isInfiltrates consisted mainly of CD41 T cells and B2201
disrupted, and it appears more disturbed than in LTbD/DB cells (Figure 3C). No PNA1 B cells or FDC networks
mice (Alimzhanov et al., 1997). While no FDC-M11 or
were detectable (data not shown). CD81 T cells, macro-
CD21/351 cells were observed in these areas (Figure 4),
phages, and neutrophils were not detected in significant
scattered cells with a dendritic pattern of labeling were
numbers in these accumulations. Thus, it appears that observed with FDC-M2 (data not shown). Although no
in the absence of the ligands for the LTbR (Alimzhanov classical FDC network was observed, these cells may
et al., 1997; Banks et al., 1995), or the LTbR itself, a represent an immature FDC precursor.
selective lymphocytic organ infiltration occurs. FDCs in GCs retain antigen in an unprocessed form
for selection of B cells (Kelsoe and Zheng, 1993; Mac-
Aberrant GC Formation and Absence of FDC Lennan, 1994; Kosco-Vilbois et al., 1997). Immune com-
Networks in LTbR2/2 Mice plex (IC) trapping experiments were performed to ad-
The formation of GC and FDC networkswas addressed 10 dress whether residual antigen retention occured in
days after i.p. immunization with nitrophenol-haptenated spleens. Spleen sections from immunized LTbR2/2,
TNFRp552/2, and wild-type mice were incubated withchicken g-globulin (molar ratio 19:1, NP19-CG) adsorbed
Immunity
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Figure 4. Aberrant GC Formation and Im-
paired FDC Network Development in Immu-
nized LTbR2/2 Animals
(A) Serial sections of spleens were prepared
10 days after immunization of mice with 200
mg NP19-CG adsorbed to alum. Immuno-
fluorescence microscopy was performed to
detect formation of GCs (PNA-FITC, anti-IgM-
Texas Red), and development of FDC net-
works (FDC-M1-FITC, PNA-Texas Red and
anti-CD21/35-FITC, anti-IgM-Texas Red).
(B) Trapping of ICs. Mice were immunized
(200 mg NP19-CG; day 210). Serial sections
of spleens were prepared and blocked with
goat serum, andthen peroxidase/anti-peroxi-
dase ICs and fresh mouse serum (as source
of complement) were added. To localize GCs
or GC-like structures, one set of the sections
was labeled with PNA.
peroxidase/anti-peroxidase IC. As expected, IC were higher amounts of anti-NP IgM than TNFRp552/2 or wild-
type mice. After primary immunization, LTbR2/2 micereadily trapped on FDC in control mice (Figure 4B). A
strongly reduced IC trapping was observed in LTbR2/2 subjected to the low- or high-dose protocol (Figures 5B
and 5C) produced more anti-NP IgM than TNFRp552/2spleens in the area of the PNA1 cell clusters. While
TNFRp552/2 mice showed no significant trapping in the or wild-type mice. In contrast, LTbR2/2 mice produced
significantly lower amounts of total (data not shown)white pulp, trapped IC were found in the red pulp. In
summary, LTbR2/2 and TNFRp552/2 mice reveal a re- and high-affinity anti-NP IgG1 (Figures 5B and 5C) after
primary and secondary immunizations (Figures 5B andduced ability to retain native antigens in specialized
microenvironments of their spleens. 5C). In particular, the high-affinity IgG1 titers in the low-
dose group (Figure 5B) were significantly impaired. Ini-
tially, TNFRp552/2 mice had reduced anti-NP IgG1 levels,Impaired Affinity Maturation of the Antibody
Response in LTbR2/2 Mice but, after boosting, these became almost comparable
to wild-type mice.The functional consequences of LTbR and TNFRp55
ablation for adaptive B cell responses was analyzed. Next, affinity ratios were calculated. A steady increase
in high:total IgG1 ratios was observed in wild-type miceTNFRp552/2, LTbR2/2, and littermate control mice were
bled and then divided into groups either receiving 5 mg/ between day 14 and 21 and, after boosting, at day 7 and
14 with the low-dose NP19-CG (Figure 5B). In contrast,mouse (low-dose immunization, Figure 5B) or 200 mg/
mouse (high-dose immunization, Figure 5C) NP19-CG ad- LTbR2/2 mice showed impaired affinity maturation in
both the IgG1 subclass (Figure 5C) and in total IgG (datasorbed to alum. Each mouse was boosted with 5 mg
NP19-CG 42 days later. Blood was collected at time not shown). These data indicate that PNA1 cell clusters
in LTbR2/2 spleens could functionally not substitute forpoints indicated. Total as well as only high-affinity anti-
NP Ig subclass titers were determined by binding to intact GCs. However, after high-dose immunization of
LTbR2/2 mice, affinity maturation was not severely af-densely (NP14-BSA) versus sparsely (NP5-BSA) NP-hap-
tenated bovine serum albumin (BSA), respectively. fected, despite significantly reduced anti-NP Ig levels
produced (Figure 5C; data not shown). Thus, it appearsPrior to immunization, LTbR2/2 mice revealed slightly
Phenotype of LTbR-Deficient Mice
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Figure 5. Impaired Specific Ig Responses and Affinity Maturation in LTbR2/2 Mice
(A) Experimental outline for determination of antigen-specific Ig responses to NP after high-dose (200 mg NP19-CG/alum per mouse) and low-
dose (5 mg NP19-CG/alum per mouse) immunization. 18 5 primary immunization, 28 5 secondary immunization.
(B) IgM and IgG1 responses and IgG1 anti-NP affinity ratios in wild-type, LTbR2/2, and TNFRp552/2 mice after low-dose immunization at
indicated time points. Five mice in each group were examined. Wild-type, LTbR2/2, and TNFRp552/2 mice are represented by open circles,
closed circles, and shaded diamonds, respectively; means of individual experimental groups are shown as bars. Total IgM antibodies were
determined on densely haptenated BSA (NP14-BSA). NP-specific IgG1 levels prior to immunization in all mice were below the detection limit.
The amounts of IgG1 anti-NP serum antibodies were determined by binding to NP14-BSA (total 5 high- and low-affinity, data not shown) and
NP5-BSA (high-affinity). Amounts of total NP reactive and high-affinity NP-antibodies were calculated as arbitrary binding units using as
standard reference an NP-specific antibody of known affinity (N1G9, Kd 5 1 3 1027). Representative results from one out of two experiments
are shown.
(C) IgM and IgG1 Ig subclass responses andIgG1 anti-NP affinity ratios in wild-type, LTbR2/2, andTNFRp552/2 mice after high-dose immunization
at indicated time points. Three to five mice in each group were examined. Symbols and methods are according to (B).
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that affinity maturation in vast excess of antigen might LNs now observed in LTbR2/2 mice defines a distinct
developmental checkpoint. This observation clearly in-occur in the absence of intact GCs and may be a result
of some degree of somatic mutation that is possible dicates that prenatal treatment with Fc-fusion proteins
does not necessarily provide a complete set of informa-outside of GCs. Surprisingly, TNFRp552/2 animals, with
a complete defect in GC formation in spleen and ab- tion since this experimental design can address func-
tions of genes only after a distinct developmental stage.sence of FDC networks (Le Hir et al., 1996; Matsumoto
et al., 1996b; Fu et al., 1997) showed reduced affinity Moreover, the defects observed in LTbR2/2 mice rather
suggest that one or more additional LTbR ligands existmaturation only after primary immunization, whereas af-
finities were almost unaffected after boosting. These that, at least partially, can substitute for LTa1b2 trimers.
A recently described novel ligand in the TNF family,data suggest that defective affinity maturation in LTa2/2
mice is primarily caused by a lack of LTa1b2, and conse- LIGHT, might be the prime candidate (Mauri et al., 1998).
LIGHT binds to the Herpes virus entry mediator (HVEM)quently a defect of LTbR signaling, rather than by an
absence of LTa3 and a lack of TNFRp55 signaling. and LTbR. However, LIGHT mRNA was not detected in
embryos at the level of Northern blot analysis (Mauri
et al., 1998). Despite that observation, LIGHT±LTbR in-
Discussion teractions cannot be excluded by the current state of
investigation since LIGHT might be transcribed in very
Definitive insights into the biological functions of TNFR low amounts during ontogeny. A careful reanalysis by
family members have been gained by gene targeting more sensitive RT-PCR is required to investigate involve-
(for review see Liu and Banchereau, 1996; von Boehmer, ment of LIGHT into the development of a subset of LNs.
1997). This study describes a novel mutant mouse defi- However, LTa1b2 remains the most important ligand for
cient in LTbR. LTbR2/2 mice lack most secondary the correct development of LNs. Evidence along these
lymphoid organs. Splenic architecture, GC formation, lines is also provided by Mebius et al. (1997), who re-
FDC networks, and Ig responses are impaired. The de- ported that the earliest hematopoietic precursor popu-
fects observed in LTbR2/2 mice are distinct from lating the LN anlage is a CD41CD32 dendritic cell that
TNFRp552/2, LTa2/2, LTb2/2, LTbD/D, TNF2/2, and TNF/ produces LTb.
LTa2/2 mice (Pfeffer et al., 1993; Rothe et al., 1993; De PP development appears differently controlled than
Togni et al., 1994; Eugster et al., 1996; Pasparakis et that of LN. LTbR (this study)-, LTa(De Togni et al., 1994;
al., 1996; Alimzhanov et al., 1997; Amiot et al., 1997; Banks et al., 1995)-, LTb (Alimzhanov et al., 1997; Koni et
Koni et al., 1997; Korner et al., 1997; Matsumoto et al., al., 1997)-, and TNF/LTa (Eugster et al., 1996)-deficient
1997; Marino et al., 1997; von Boehmer, 1997). mice lack PP. TNF2/2 mice possess PP (Pasparakis et
The first evidence that members of the TNF family al., 1996; Korner et al., 1997). It was reported that
were involved in the development of lymphatic tissues TNFRp552/2 mice (Neumann et al., 1996a; Pasparakis
was provided in LTa2/2 mice (De Togni et al., 1994). et al., 1997) lack PP; however, to date it is unclear why
These mice lacked LNs and PP. In contrast, mLNs were the phenotype is more severe in one line (Pfeffer et al.,
found in an independently generated LTa2/2 line (Banks 1993) than in another (Rothe et al., 1993). These lines
et al., 1995). The occasional presence of some LN-like are on different genetic backgrounds, and it might be
mesenteric structures was later also confirmed in the speculated that other, yet unidentified, genes also or-
LTa2/2 line of De Togni (Fu et al., 1997). Today, it is chestrate PP development. However, it appears clear
unclear why the two lines differ in the frequency of mLNs. that correct PP formation is cooperatively or subse-
LTbD/D mice, with a Cre/loxP-mediated removal of LTb quently mediated by LTa1b2 (via LTbR) and LTa3 or
and heterologous promoter sequences (Alimzhanov et LTa2b1 (via TNFRp55).
al., 1997), as well as LTb2/2 mice (Koni et al., 1997), The collapse of T/B cell segregation in the spleens of
contain mLN, cLN, and some paraaortic/sacral LNs. To- LTbR2/2 mice is comparable to that of LTa2/2 mice (De
gether, these data clearly indicate that LTa3, LTa1b2, or Togni et al., 1994; Banks et al., 1995). Since splenic T/B
LTa2b1 trimers are not required for the establishment of cell organization in LTb2/2 (Koni et al., 1997) and LTbD/D
the anlage of some LNs. The observation of less severe (Alimzhanov et al., 1997) animals appears largely intact,
defects in LTb2/2 mice than in LTa-deficient animals it has to be assumed that LTa interacts directly with
suggested that LTa can function independently from LTbR and that LIGHT cannot substitute for LTa. This
LTb in development. This led to the speculation that hypothesis appears unlikely. Alternatively, the break-
LTa3 (or LTa in association with an unknown TNF family down of T/B cell segregation in LTbR2/2 and LTa2/2
member) might signal via a yet unidentified member of spleens might be viewedas a secondaryevent due to the
the TNFR family (Koni et al., 1997). The presence of a lack of LN. Lymphocytes that, under normal conditions,
set of LN (mLN, cLN, mucosal LN) in mice prenatally would home to LN are migrating to the spleen, and the
treated with LTbR-Fc protein additionally appeared to high turnover of migrating cells is responsible for the
support the notion that development of these LN is con- chaotic picture observed.
trolled by a receptor different from LTbR (Rennert et al., After immunization, LTa (Matsumoto et al., 1996b)-,
1996, 1997). However, the experimental design of that LTb (Alimzhanov et al., 1997; Koni et al., 1997)-, TNF
study cannot exclude that the anlage of this particular (Pasparakis et al., 1996; Korner et al., 1997)-, TNFRp55
set of LNs is established before maternal±fetal Ig trans- (Le Hir et al., 1996; Matsumoto et al., 1996b; Tkachuk et
fer occurs. Nevertheless, all of these studies indicated al., 1998)-, and LTbR (this study)-deficient mice lack fully
a complex developmental control of the organogenesis developed GCs and FDC networks indicating that for
the correct formation of GCs, TNF3/LTa3 (via TNFRp55)of LNs. In marked contrast, the complete absence of
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Table 2. Antibodies and Standards
Antibody Clone/Species Experiment Source
Anti-mouse b2-integrin C71/16/rat FACS PharMingen
Anti-mouse b7-integrin M293/rat FACS PharMingen
Anti-mouse aE-integrin M290/rat FACS PharMingen
Anti-mouse B220 RA3-6B2/rat Histology/FACS PharMingen
Anti-mouse CD11b M1/70/rat FACS PharMingen
Anti-mouse CD4 GK1.5/rat Histology PharMingen
Anti-mouse CD4 FITC RM4-5/rat FACS PharMingen
Anti-mouse CD8 53672/rat Histology PharMingen
Anti-mouse CD8 PE 53-6.7/rat FACS PharMingen
Anti-mouse FDC-M1 4C II/rat Histology (Kosco-Vilbois et al., 1997)
Anti-mouse FDC-M2 209/rat Histology (Kosco-Vilbois et al., 1997)
Anti-mouse IgD 11-26c.2a/rat FACS PharMingen
Anti-mouse IgG Fc-AP Polyclonal/goat ELISA detection Dianova
Anti-mouse IgG1-biotin G1.-7.3/rat ELISA detection PharMingen
Anti-mouse IgM R6-60.2/rat FACS PharMingen
Anti-mouse IgM-AP R6-60.2/rat ELISA detection PharMingen
Anti-mouse LTbR Polyclonal/rabbit FACS This study, see Exp. Proc.
Anti-mouse MAdCAM-1 MECA-367/rat Histology PharMingen
Anti-mouse MOMA-1 MOMA-1/rat Histology Dianova
Anti-mouse Sialoadhesin Ser3D6/rat Histology Kind gift of S. Gordon
Anti-mouse Thy1.2-biotin 30H12/rat FACS PharMingen
Anti-NP N1G9/mouse IgG1 ELISA standard Kind gift of K. Rajewsky
Anti-rabbit IgG-PE Polyclonal/donkey FACS Dianova
Anti-rat IgG Polyclonal/mouse Histology Dianova
Extravidin Histology Sigma
Fc-Block CD16/CD32 2.4G2/rat FACS PharMingen
Isotype:rat IgG2a,k R35-95/rat FACS PharMingen
Mouse anti-rat POX Rat IgG (H1L) Histology Dianova
PAP Histology Dianova
PNA Histology Vector Labs
Streptavidin-AP ELISA detection Boehringer-Mannheim
Streptavidin-PerCP FACS Becton Dickinson
and LTa1b2 (via LTbR) are required. The occurence of by a lack of LTa3 signaling via HVEM (Mauri et al., 1998),
but this issue has to be revisited in LIGHT- or HVEM-aberrant PNA1 cell clusters around the central arteriole
in LTbR2/2 mice is a specific phenotype that is not ob- targeted mice.
LTbR2/2 mice contain accumulations of lymphocytesserved in LTa-, LTb- or TNFRp55-deficient mice. In
LTbD/D mice, PNA1 cell clusters can be found inside the in the perivascular regions of multiple organs. Infiltra-
tions were found in lungs of LTa2/2 and LTbD/D miceB cell area, whereas in TNF2/2 mice these clusters reside
in the T cell areas (Pasparakis et al., 1996). Thus, GC (Banks et al., 1995; Alimzhanov et al., 1997). The selec-
tive accumulation of CD41 T cells and B cells in LTbR2/2and FDC formation in the spleen is mainly coordinated
by TNF3, LTa3, and LTa2b1 via TNFRp55. However, LTa1b2 mice appears to be specific, since in the peripheral
blood of LTbR2/2 mice, CD41 and CD81 T as well as Band LTbR are needed for the maintenance of splenic
microenvironments that might be required for correct cells are all elevated. The reason for the occurence of
these accumulations is currently being investigated.positioning of the GC founder cells.
Affinity maturation of the anti-hapten Ig response oc- T cells expressing aEb7high integrins are considered to
patrol the mucosal tissues (Roberts and Kilshaw, 1993;curs almost unimpaired in TNFRp552/2 mice (this study)
and is not markedly impaired in LTa2/2 mice after re- Cepek et al., 1994). Mice deficient in b7 integrin lack most
IEL and LPL, but homing of macrophages to mucosalpeated immunizations with high doses of haptenated
antigen (Matsumoto et al., 1996a). Comparable results tissues appears not to be severely impaired (Wagner et
al., 1996). The marked reduction of aEb7high T cells inwere observed in LTbR2/2 mice after high doses NP-CG
immunization. In contrast, LTb2/2 mice reveal reduced LTbR2/2 mice might be due to the absence of PP and
gut-associated lymphoid tissues. However, IEL and LPLaffinity maturation after low doses of NP-CG (Koni et
al., 1997); however, thedefect does not appear as severe were present in LTbR2/2 mice. Thus, it appears that
LTbR2/2, a4b7intermediate cells have normal mucosal homingas in LTa2/2 (Matsumoto et al., 1996a) or in LTbR2/2 mice
(this study). Thus, affinity maturation in the presence of capacity (Hamann et al., 1994). The presence of aEb7high
T cells is rather dependent on LTa1b2 than on LTa3 orlimiting amounts of antigen requires LTa1b2 and LTbR,
whereas LTa3 signaling via TNFRp55 plays a minor role. TNF3, since LTa2/2 and LTbD/D mice also lack aEb7high T
cells (data not shown), whereas TNFRp552/2 animalsIt might be speculated that in the absence of LTab het-
erotrimers in LTa- and LTb-deficient mice, LIGHT can contain aEb7high T cells.
The next important question to address is how thesubstitute, at least partially, for affinity maturation via
LTbR. Furthermore, it appears now unlikely that the im- LTbR coordinates the morphogenesis and maintains the
dynamic architecture of the peripheral lymphoid tissues.paired affinity maturation in LTa-deficient mice is caused
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vector (Qiagen, Germany). His-tagged LTbR fusion protein was ex-Ectopic expression of LTa leads to recruitment of cells
pressed and purified according to the manufacturer's protocol. Theand formation of LN-like structures comparable to
fusion protein was used for immunization of two rabbits to obtainchronic inflammation (Kratz et al., 1996). Chemokines
polyclonal rabbit anti-murine LTbR antiserum (Eurogentec, Belgium).
direct recruitment of cells during inflammation (Mackay,
1997). Thus, many functions of the LTbR might be medi- Expression of LTbR-Fc Protein
ated via chemokines (Degli-Esposti et al., 1997). Intrigu- A fusion protein comprised of the extracellular domain of the murine
LTbR fused to the Fc portion of human IgG1 was constructed ac-ingly, mice deficient in the chemokine receptor BLR1
cording to Force et al. (1995). In brief, a partial cDNA encoding aa(Forster et al., 1996) lacking inguinal LNs and intact
1±225 of the murine LTbR was inserted into pEFSem, containingsplenic architecture partially resemble the phenotype of
the EF1a promotor and the human cDNA coding for the hinge, CH2,LTbR2/2 mice. The investigation of chemokine expres- and CH3 domains of IgG1. pEFSemLTbFc was stably transfected
sion patterns in LTbR2/2 mice should help to verify this into Ag8 cells. LTbR-Fc protein was affinity purified from Ag8 super-
hypothesis. natants by protein A chromatography.
Determination of LTbR ExpressionExperimental Procedures
CHO cells were transfected by electroporation (20 mg plasmid/1 3
106 cells) with a pcDNA3 (InVitroGen, Germany)-based expressionCells
vector containing the complete coding region of the murine LTbRE14.1 ES cells from 129Sv mice were maintained as described (Pfef-
or, as a control, with the empty pcDNA3 vector. G418-resistant cellsfer et al., 1993). Chinese hamster ovary cells (CHO) and Ag8 cells
were cloned, and LTbR expression was verified by flow cytometry.were cultured in RPMI (Biochrome) and supplemented with 10%
Transfected CHO (data not shown) and EF cells were incubatedfetal calf serum, L-glutamine, b-mercaptoethanol, and antibiotics.
with either preimmune rabbit serum or with rabbit anti-LTbR antise-
rum. Cells were washed twice and subsequently incubated with a
Generation of LTbR-Deficient Mice PE-conjugated donkey anti-rabbit antiserum (Dianova, Germany).
A partial human cDNA of the LTbR was used in a low-stringency As a specificity control, the rabbit anti-LTbR antiserum was preincu-
screen of a mouse lZAPII thymus cDNA library (Stratagene, Ger- bated for 5 min with the LTbR-Fc protein before addition to the
many). Hybridizing clones were isolated and verified to encode for cells.
the murine LTbR. The murine LTbR cDNA probe was then used to
screen a mouse 129Sv/J genomic library in lDASH II. Genomic
Visualization of Lymph Nodesclones were mapped and partially sequenced. One clone encom-
India ink (100 ml, 1:10 diluted in PBS; Pelikan, Germany) was injectedpassing the complete coding sequence for the LTbR locus was
into the hind footpads of mice. After 30 min, mice were sacrificed,identified. The targeting vector for the inactivation of the LTbR gene
and popliteal fossae were dissected. Pictures of the popliteal fossaewas constructed using pBlueScript (Stratagene) as follows. A
were taken under a dissection microscope (original magnificationpMC1neopolyA resistance cassette (Stratagene) was inserted in
2.53; Leica M16, Germany). Then, the peritoneal wall was opened,
antisense direction between the short arm, consisting of a 0.9 kb
and the mesenteric origin was photographed.
XbaI±AatII fragment, and the long arm, consisting of a 5.2 kb XhoI±
EcoRV fragment, of the genomic LTbR locus. The part between the
Specific Humoral Immune Responses and Affinity MaturationAatII site in exon 1 and the XhoI site in exon 5 was excised, leading
LTbR2/2, littermate control (2nd backcross to C57BL/6), andto a deletion of bp 108±718 (according to the cDNA base count,
TNFRp552/2 mice (5th backcross to C57BL/6) were immunized withGenBank accession U29173 [Force et al., 1995]). Finally, the HSV-
(4-hydroxy-3-nitrophenyl-acetyl)-chicken gamma globulin (molar ra-tk cassette was ligated into the EcoRV site, yielding pLTbRneo-tk.
tio 19:1; NP19-CG) adsorbed to alum. Immunization was performedE14.1 ES cells were transfected with the NotI linearized LTbRneo-
with 200 mg (high-dose) or 5 mg (low-dose) NP19-CG/alum i.p. pertk targeting vector as described (Pfeffer et al., 1993). G418- and
mouse followed by a boost of 5 mg NP19-CG/alum i.p. per mousegancyclovir-resistant ES cell colonies were picked. Homologous
after 42 days. Sera were collected 7, 14, and 21 days after primaryrecombination was screened by PCR and subsequently confirmed
immunization and 7, 14, and 34 days after boosting. Total and high-by genomic Southern blotting after digestion of ES cell DNA with
affinity NP-specific antibodies (IgM, total IgG, IgG1, IgG2a, and IgG2b)EcoRI and hybridization with a flanking probe (0.5 kb EcoRV±XbaI
were detected employing an ELISA with NP14-bovine serum albuminfragment, located directly 59 of the targeting vector in the genomic
(NP14-BSA) or NP5-BSA-conjugated ELISA plates (10 mg/ml in car-locus). Nonradioactive labeling of the probe with dNTP-FITC (Gene
bonate buffer [pH 9.5]), respectively. Murine NP-specific antibodiesImages random prime labeling module, Amersham) and detection
were detected with alkaline phosphatase±conjugated isotype-spe-of hybridized DNA (Gene Images CDP-star detection module, Amer-
cific detection antibodies (see Table 2). The substrate used wassham) was performed according to the manufacturer's protocol.
pNPP. For calculation of arbitrary binding units of NP-specific anti-Single integration of the targeting vector was verified by Southern
bodies, a standard NP-reactive MAb N1G9 was included (affinityprobing with the neo-resistance cassette. Chimeric mice were gen-
constant Kd 5 1 3 1027) on each ELISA plate.erated as described (Pfeffer et al., 1993). Mice were housed in an
animal facility with barrier conditions.
Histology
Immunohistochemistry was performed as described (Neumann et
Northern Blot Analysis al., 1996a; Endreset al., 1997). For antibodies please refer to Table 2.
Total liver RNA was prepared, loaded on a 1% formamide-gel, elec- Immunofluorescence double staining was performed as described
trophoresed, and transferred onto a Gene Screen Plus membrane (Alimzhanov et al., 1997).
(DuPont). Detection of mRNAs for LTbR and GAPDH was performed
with cDNAs encoding the complete murine LTbR or GAPDH.
GC Formation and IC Trapping
Mice were immunized by i.p. injection of 200 mg NP19-CG. Spleens
TNFRp55-, LTb- and LTa-Deficient Mice were removed, embedded in O.C.T., and snap frozen 10 days after
TNFRp552/2 and LTbD/D mice werebred and genotyped as described immunization. Cryosections were blocked by incubation with PBS/
(Pfeffer et al., 1993; Alimzhanov et al., 1997). LTa-deficient mice (De 1% BSA, 5% normal goat serum, and 0.1% H2O2. IC trapping was
Togni et al., 1994) were purchased from Jackson Laboratories (Bar visualized by incubation of acetone-fixed cryosections with peroxi-
Harbor, ME). dase/anti-peroxidase complexes (2 mg/ml in PBS, Dianova) in the
presence of 20% normal mouse serum. Sections were washed (PBS,
33) and reacted with 5% (v/v) 5 mg/ml AEC in N,N9-dimethylform-Generation of Rabbit Anti-LTbR Antisera
The extracellular domain of the LTbR cDNA encompassing amino amide (Merck) and 0.01% (v/v) H2O2 (Merck) in 50 mM acetate buffer
for 10 min.acids (aa) 22±203 was inserted into a procaryotic pQE32 expression
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Flow Cytometry receptor by cross-linking induces chemokine production andgrowth
arrest in A375 melanoma cells. J. Immunol. 158, 1756±1762.Erythrocyte-lysed single cell suspensions were pretreated with Fc-
block (anti-CD16/CD32, PharMingen) and then incubated with spe- De Togni, P., Goellner, J., Ruddle, N.H., Streeter, P.R., Fick, A.,
cific antibodies (Table 2). Biotinylated antibodies were detected Mariathasan, S., Smith, S.C., Carlson, R., Shornick, L.P., and Strauss
with streptavidine-PerCP (Beckton Dickinson). Ten to fifty thousand Schoenberger, J. (1994). Abnormal development of peripheral
events were analyzed in a live gate as determined by forward and lymphoid organs in mice deficient in lymphotoxin. Science 264,
side scatter profiles using a Coulter EPICS XL cytometer (Coulter, 703±707.
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